ABSTRACT: Analyses of the foraging behavior of large cetaceans have generally focused on either correlations with environmental conditions at regional scales or observations of surface behavior. We employed a novel approach combining multi-scale analyses of simultaneous environmental conditions, surface and subsurface humpback whale Megaptera novaeangliae movements, and sand lance Ammodytes spp. prey aggregations in the Gulf of Maine, USA. At the fine scale (<1 km), digital tags recorded whale movement and behavior in 3 dimensions. Concurrent synoptic prey data were collected using EK60 echosounders with simultaneous surface measurements of temperature and relative fluorescence within 1 km of the tagged whale. A geospatial analysis of environmental features and foraging patterns was conducted at the regional, seascape scale (~10 km). At the seascape scale, we found: (1) a negative relationship between relative fluorescence and sand lance density; (2) a positive relationship between predator surface feeding, presumed sand lance density, and sand bottom types near high-slope edges; (3) a cyclical relationship for predator surface-feeding likelihood and prey density with tidal height; and (4) an observed temporal lag between peak prey density and predator surface-feeding likelihood. At the fine scale, we found that: (1) time of day was the most important factor in predicting whether a whale was feeding when it surfaced; and (2) surface feeding occurred more often around more dense, vertically distributed schools of prey. Multiscale and multitrophic level studies are an important component in understanding the foraging ecology of top predators in marine systems.
INTRODUCTION
Foraging is comprised of several components: searching for, capturing, handling, and consuming prey. Optimal foraging theory predicts that an individual foraging on a prey patch should continue until the search time, capture, and handling of prey outweigh the net energetic gain from consumption (MacArthur & Pianka 1966) . When switching prey patches, predators must also take into account the potential value of future patches, they must consider the density and area of the current patch, and must include requisite search times for any new patches (the marginal value theorem : Charnov 1976 ). To date, field studies have been unable to determine the point at which a given prey patch becomes attractive to a consumer and have not identified the biological and physical cues predators use to find these energetically beneficial patches.
Baleen whales are marine predators that feed primarily on discrete patches of prey and presumably conform to optimal foraging theory. Foraging decisions encompass multiple scales from migration to feeding grounds (1000s of km), the search for prey hotspots (100s of km), to individual foraging events (<10 km, Kenney et al. 2001) . In Witless Bay, Newfoundland, Piatt & Methven (1992) used acoustic surveys for capelin Mallotus villosus concurrent with visual surveys of baleen whales to document a threshold limit of prey density below which foraging became unprofitable and whale aggregations did not occur. However, due to technological limitations, prey thresholds and foraging behaviors have rarely been examined for foraging at the scale of an individual whale (<10 km, Kenney et al. 2001) .
Recent advances in archival tag technology provide the ability to recreate sub-surface movements and quantify behaviors in ways previously impossible for free-ranging cetaceans. Using a tag with 2-axis motion sensors, Goldbogen et al. (2006) documented feeding lunges in fin whales Balaenoptera physalus using changes in acceleration. When a fin whale opened its mouth to engulf prey, the drag led to an immediate deceleration. The 'DTag' (Johnson & Tyack 2003 ) is a digital acoustic recording tag that has been used to visualize underwater behaviors. Because the tag provides precise measurements of depth and acceleration in 3 axes, researchers can detect individual fluke strokes and can quantify body orientations (e.g. Miller et al. 2004a , Ware et al. 2006 .
It is difficult to obtain precise measurements of prey fishes in the marine environment. Measurements of the distribution of fish using net trawls are commonly used to correlate prey presence and density with the distribution and behavior of predators, but the spatial and temporal resolution provided by these techniques is coarse and prey species can vary in catchability (Harley & Myers 2001) . Fisheries acoustics offer a minimally invasive technique for collecting continuous along-track data on biomass at fine horizontal and vertical scales throughout the water column. By analyzing the amount of scattered sound returned to the transducer and sampling length frequency and species composition from net samples, backscatter can be used to estimate size of individual targets, density of schools, and overall abundance (Simmonds & MacLennan 2005) . In the absence of net sampling, acoustic backscatter can still be used as a valuable measure of relative density and abundance (Benoit-Bird et al. 2001) . Acoustics have been used to observe changes in the distribution and behavior of fish such as herring school size and shape while feeding (Misund et al. 1998 , Mackinson et al. 1999 and while under predation (Nøttestad et al. 2002) .
To date, Croll et al. (1998 Croll et al. ( , 2005 and Baumgartner et al. (2003) have completed some of the most integrated studies of individual baleen whale fine-scale foraging ecology. Croll et al. (2005) attached time-depth recorders (TDRs) to 2 blue whales Balaenoptera musculus and correlated the vertical profiles of their dives to the vertical distribution and density of euphausiid swarms in the area. Euphausiid density was approximately 2 orders of magnitude greater in areas where whales concentrated their presumed foraging effort than elsewhere in the study area (Croll et al. 2005) . These investigators noted that 'as measurements of prey were directed at patches where whales were foraging, we feel that this provides, for the first time, an estimate of the magnitude of prey densities for large whales. ' Baumgartner et al. (2003) used optical plankton counters and discrete-depth net tows to assess vertical and horizontal distribution of Stage V Calanus copepods while also surveying for North Atlantic right whales Eubalaena glacialis. Right whale abundance was greatest during the day near high concentrations of their preferred prey resource: deeper, diapausing C5 copepods (C. finmarchicus; > 90 m).
Mayo & Marx (1990) found significantly more prey in the path of skim-feeding North Atlantic right whales than in surrounding waters. Dolphin (1987) used qualitative sonar scans to describe the behavior of humpback whales Megaptera novaeangliae in Alaskan coastal waters that appeared to be foraging in the upper 120 m of the water column and associating with the shallowest and densest prey patches. An island wake eddy system led to dense prey aggregation and subsequently identified important foraging habitats of fin whales, minke whales Balaenoptera acutorostrata, and harbor porpoises Phocoena phocoena in the Bay of Fundy (Johnston et al. 2005a,b) . While these studies analyzed correlatations between prey features and observations of foraging behavior, our inability to directly observe whale behaviors underwater has limited our ability to quantify and discriminate underwater foraging behavior relative to prey characteristics.
Humpback whales are cosmopolitan predators that typically feed seasonally in high latitude areas. Traditional foraging habitats maintain predictably high prey concentrations over time, and are often characterized by proximity to shore, dynamic bathymetry, upwelling, and increased productivity (Gaskin 1982 , Piatt 1990 , Thiele et al. 2004 , Friedlaender et al. 2006 ). In the Gulf of Alaska, humpback whale dives were longer and deeper in the presence of prey (Witteveen et al. 2008) , indicating deep feeding events. Deeper dives also occurred most often in proximity to high densities of capelin preferentially over other fish species in the area. For humpback whales, both the type of prey and its relative abundance over time contribute to habitat selection in the western North Atlantic (Whitehead & Carscadden 1985 , Payne et al. 1986 , 1990 , Weinrich et al. 1997 , Stevick et al. 2006 .
Stellwagen Bank in the Gulf of Maine is an important feeding site for humpback whales (Payne et al. 1990 , Clapham et al. 1993 , Weinrich 1998 . Feeding behaviors include both deep-feeding and surfacefeeding foraging approaches. Deep-feeding whales often target prey horizontally distributed in the middle of the water column (e.g. Witteveen et al. 2008) or buried in the substrate (e.g. Hain et al. 1995 , Friedlaender et al. 2009 . The surface-feeding strategies that these animals display on Stellwagen Bank are diverse, and include lunge feeding (Watkins & Schevill 1979) , bubble-feeding (Hain et al. 1982) , lobtail feeding (Weinrich et al. 1992a) , and other idiosyncratic feeding styles (Hays et al. 1985) . These behaviors are suspected to facilitate feeding by aggregating or corralling prey. Feeding behavior is believed to vary by prey type, with many of these bubble-feeding behaviors used to catch sand lance Ammodytes spp., the dominant prey on Stellwagen Bank. The abundance of sand lance is in large part thought to drive the local abundance and distribution of humpbacks (Overholtz & Nicolas 1979 , Payne et al. 1990 , Weinrich et al. 1997 . However, humpback whales have also been observed feeding on Atlantic herring Clupea harengus, and krill (e.g. Meganyctiphanes spp.) in other regions of the Gulf of Maine including Cultivator Shoal (on Georges Bank), Jeffrey's Ledge, and Platts Bank (Anthony & Waring 1980 , Weinrich et al. 1997 , Garrison 2000 , Auster et al. 2001 , Overholtz 2002 . Research on foraging preferences can be used to understand the fine-scale distribution of humpback whales and to minimize exposure to anthropogenic threats in highly trafficked areas.
Stellwagen Bank contains specific substrates that are important habitat for American sand lance Ammodytes americanus and northern sand lance A. dubius (Auster et al. 2001) . Bathymetric slopes around the bank serve to upwell nutrients, increasing primary productivity and ultimately zooplankton prey for sand lance (Robinson & Lermusiaux 2002) . As tidally driven waters pass over the shallow bank, turbulent flow creates internal waves that propagate along density gradients and can serve to aggregate zooplankton (Lennert-Cody & Franks 1999 , Warren et al. 2003 , Stevick et al. 2008 ). In addition, bottom substrate on the bank includes the coarse-grained sandy habitat that sand lance use for burial and predator avoidance (Meyer et al. 1979) . However the abundance of sand lance on and around Stellwagen Bank is ephemeral (Payne et al. 1990 , Weinrich et al. 1997 , possibly due to variation in climatic conditions, prey availability, and commercial fishing pressure on predators (Fogarty & Murawski 1998 , Garrison 2000 and/or competitors (Payne et al. 1990) . Understanding the distribution of sand lance relative to their environment is an important step in understanding the pelagic food web on Stellwagen Bank.
Our goal was to combine acoustic measures of prey density with precise measures of whale movement and feeding behavior to test the following hypotheses regarding foraging humpback whales and their prey:
(1) Sand lance density is significantly correlated with increased bathymetric slope, relative fluorescence, and bottom type.
(2) Humpback whale surface-feeding events are correlated with increased bathymetric slope, relative fluorescence, and bottom type.
(3) Humpback whale surface-feeding events are correlated with increased prey density and school shape characteristics.
(4) Humpback whale surface-feeding events increase with prey density and show quantifiable foraging thresholds.
We believe this approach will allow us to elucidate the seascape-scale (~10 km) and fine-scale (<1 km) foraging ecology of both predator and prey relative to environmental features.
MATERIALS AND METHODS
Data collection. Data were collected around Stellwagen Bank from 6 to 20 July 2006 with the goal of measuring environmental gradients, prey distribution, and predator behavior concurrently. The Bank is the focus of a 2181 km 2 marine protected area located in the southwestern Gulf of Maine. The area is characterized by diverse topography, sediments, oceanographic conditions, and high primary productivity that result in abundant marine life, including humpback whales (Weinrich 1998 , Stevick et al. 2008 . The research was conducted from NOAA's RV 'Nancy Foster' (length = 60 m) with tagging support from inflatable boats (8 m or less) operating off the primary vessel.
Whale data: Whale behavior (e.g. surface feeding/ non-surface feeding) was inferred from tag records in combination with near continuous daytime focal surface observations. Tag attachment was accomplished using a 7 m rigid-hulled inflatable boat (RHIB) equipped with a 4 m, bow-mounted, cantilevered carbon-fiber pole. The DTag is a small, lightweight, pressure-tolerant tag capable of recording data for approximately 24 h dependent on sampling frequency. It is attached to an animal via suction cups with a programmable release (Johnson & Tyack 2003) . The DTag measures the acceleration in the animal's pitch, roll, and heading, as well as depth at 50 Hz. Data from the tag's pitch record allows for analysis of fluke stroke rates and relative stroke amplitudes and, combined with behavioral observation, allows the identification of surface-feeding bouts and quantification of their duration and maximum depth. All sensor data are stored in flash memory on the tag and are downloaded via an infrared connection to a computer for analysis.
The tag has a VHF antenna that transmits when it is at the surface, allowing us to follow the whale both when it was out of visual range and at night. Additionally, the tag has 2 hydrophones that continuously record any sounds the animal either makes or experiences (Johnson & Tyack 2003) .
Focal follows of tagged animals and associates occurred continuously during daylight hours using techniques described by Whitehead (1983) and Weinrich & Kuhlberg (1991) . Whenever possible, the tagged animal's position was recorded using laser rangefinder binoculars (Leica Vector Viper II binoculars) with a realtime GPS data feed; these were combined to give the true position of the whale. When behavioral observations were unavailable (e.g. night), whale positions were estimated using the research vessel's location and relative proximity to the tagged whale as judged by the amplitude of VHF localized radio signals.
Prey sampling: Prey distribution and density were continuously measured using 38 and 120 kHz SIMRAD EK60 echosounders towed off the vessel's port side Aframe at speeds between 2 and 5 knots depending on sea state and currents. Sampling frequency was 10 pulses s -1 and pulse widths were 512 and 256 ms for each frequency, respectively. Echosounders were calibrated before and after the cruise using a 23 mm copper sphere and target strength values of -48.0 and -40.4 dB for 38 and 120 kHz, respectively (Demer et al. 1999) . Acoustics data were also collected in the absence of whales and treated as a control measure of prey density.
Sampling scale is a concern in ecological experiments, as predators and prey perceive and respond to their surroundings at a range of scales (Fauchald et al. 2000) . We attempted to resolve prey distribution and predator behavior at similar scales, as there is no single scale correct for studying ecological relationships (Levin 1992) . Depending on the behavior of the tagged whale, an iterative approach to sampling prey was employed. If the whale was traveling (>1 km h -1 displacement), a zig-zag design was used to survey prey distributions passed over by the whale (1.5 km transects centered on the whale's position). Surface feeding (which includes lunge and bubble feeding) was identified by observing the animal with its mouth gaped or when bubbles were located where the animal surfaced. If the tagged whale was surface feeding, an expanding box sampling design allowed the measurement of prey density and distribution at varying scales, with the center of the sampling box moving with the whale. This approach was designed to measure multiple prey patches: before the feeding whale had visited them, after they had been visited, and while they were being visited. In practice, our smallest sampling box was 1 km 2 . The expanding square was designed to measure patches surrounding the foraging whale before and after feeding events. The sampling design around stationary and non-feeding whales was identical, with an expanding box to examine the prey distribution surrounding the tagged whale. As a result, our design allowed us to quantify the distribution and density of prey patches in a variety of locations in the sanctuary from both feeding and non-feeding whales.
When measuring prey and environmental data relative to surfacing events, transects were designed to pass within 200 m of a tagged whale. For each whale surfacing, correlations between whale behavior, prey data, and environmental data were only considered within a 500 m radius. All visual observations of prey in the presence of feeding whales during the survey were identified as sand lance, including photos of prey in the gaped mouth of foraging whales and photos of schools at the surface. In addition to visual identification, we compared the data at 120 and 38 kHz to categorize acoustic targets and schools as non-swimbladdered fish (e.g. sand lance) due to frequency-dependent scattering (Freeman et al. 2004 , Gauthier & Horne 2004 . Without net tows we cannot definitively state that all acoustic targets were sand lance, but our visual and acoustic identification techniques supported our assumption.
Oceanographic data: Environmental and physical data were collected using continuous shipboard measurements of relative surface fluorescence and surface temperature concurrent with prey acoustics. Existing bathymetric multibeam and bottom typing data sets were incorporated in our surface feeding and prey models. Areas of high bathymetric gradient were defined by slope (top quartile) and were used to create the distance from slope layer. CTD casts measuring salinity, dissolved oxygen, temperature, and fluorescence were performed at the time and location when a whale was tagged, and when the tag detached, as well as every 2 to 3 h during tag deployment. Real-time surface temperature and relative fluorescence were collected through an uncontaminated seawater system on the bow and measured using a SeaBird SBE 38 with a fluorometer. Tidal height was measured by NOAA in Boston Harbor (approximately 55 km from the study site). Day length was defined as the time between sunrise and sunset, as identified from NOAA's marine weather database.
Data analysis. Behavioral data from tagged whales were integrated with physical data and measurements of prey patch distribution, density, and shape collected during the synoptic acoustic surveys.
Prey sampling: Acoustic data provided a relative measure of patch density in logarithmic units of decibels (dB). Acoustic data were processed using Sonar-data Echoview software (version 4.20) . The sounderdetected bottom was manually rectified, and all data within 50 cm from the bottom were excluded from analysis. Individual schools were marked, visually scrutinized, and integrated, and school parameters were exported to text files using the SHAPES school detection algorithm (5 m linking distance) for 38 and 120 kHz data incorporating a -75 dB threshold (Coetzee 2000) . To examine overall water column biomass, acoustic backscatter was vertically integrated into the nautical area scattering coefficient (NASC; m 2 n mile -2 ), a relative measure of biomass. Mean volume backscatter strength (MVBS), a relative measure of density, was subsequently gridded into 50 m horizontal cells by 1 m vertical cells with a -90 dB threshold to examine smaller prey aggregations. We chose 50 m, as this was the mean size of prey schools that we observed. We refer to MVBS as either backscatter or prey density throughout this paper. All exported acoustic biomass data including geo-referenced 2D school parameters (density, length, mean height, mean depth), integrated cell biomass (density per 50 m), and bottom depth were imported into ESRI's ArcGIS 9.2 for spatial analysis.
Whale data: We combined the pitch, roll, heading, and depth data from the DTag with whale surfacing locations to generate a geo-referenced 'pseudo-track' of each animal's movements. We use the term 'pseudotrack' to identify that the exact track of the whale is unknown. The main error is a result of the tag's inability to resolve swim speeds, which likely vary during different parts of each dive. The pseudo-track was then incorporated into Trackplot, a customized visualization software package that allows for examination of temporally sequenced behaviors as spatial patterns (Ware et al. 2006) . The program creates a 3D ribbon indicating the whale's depth, direction of travel, body orientation (pitch and roll) and fluke strokes. To visualize certain behaviors, like rolling, the ribbon incorporates sensor data and twists around the along-track heading (Ware et al. 2006) .
We then coded every surfacing from each tagged whale as either a surface-feeding or non-surface-feeding event, based on the behavioral observations during focal follows. We did not include deep feeding or bottom feeding as a separate behavioral type because there were too few samples for our analyses. After a preliminary examination of time-linked surfacing observations from the behavioral data and Trackplot visualizations, we were able to define underwater movement patterns that resulted in a surface-feeding event. The duration of a feeding event was defined from the start of the dive encompassing a feeding event to the end of the dive when the animal re-surfaced. When individuals made multiple loops (e.g. kick feeding) before the final surfacing, the entire behavior was coded into a single feeding event. The mean depth of feeding events and total dive duration per feeding event were quantified using Trackplot and compared to prey distribution. Surface feeding was identified from the tag record using dive and ascent angles (> 45°h ead down or head up), roll angles (> 45°fluke off axis), and incorporated between 1 and 3 individually stereotyped vertical loops. In a blind comparison using a subset of data, we were able to successfully code surface-feeding events in Trackplot validated against behavioral observations 97% of the time (n = 100 events). Thus, in the absence of behavioral data (e.g. at night), the iterative process gave us confidence in behaviors identified by analysis using Trackplot. Locations of surface-feeding and non-feeding surfacing event locations were then imported into ArcGIS.
Data sampling and statistics: In order to sample data for each behavioral event, fish school parameters (length, height, area, density, depth), logarithmic measures of acoustic density (dB), surface temperature (°C), and relative fluorescence (V) were interpolated into temporally distinct raster grid cells using an ordinary kriging function while adjusting variograms to minimize root mean square (RMS) error of the weighted least square models (Petitgas 1993 , Maravelias et al. 1996 . Additional existing physical layers (distance to slope, bottom depth, bottom type) were also included in our sampling. Tidal height was temporally linked to each data point. Each sighting following a surface foraging or non-foraging event was used to sample interpolated environmental and school parameters when measured within 500 m. If environmental and prey data were unavailable within 500 m from the sighting, the surfacing was not used in our analyses. We chose 500 m because it was the maximum distance observed between subsequent surface feeding events. The resultant samples were imported into Insightful's S-Plus 7.2 for statistical analysis.
For prey data, generalized additive models (GAMs) were used to examine the non-linear relationship between prey density and environmental variables using a Gaussian distribution. A generalized linear model (GLM) was used to examine the linear effects of each environmental variable on prey density. To examine thresholds in predator behavior, a classification and regression tree (CART; Redfern et al. 2006) analysis was conducted with whale behavior (surface feeding/other) as a binomial response variable with 24 environmental and prey variables as predictors. Optimal recursive partitioning combined with a cross-validation using explained deviance ensured that only the most significant breaks were included in the final model. Generalized additive mixed models (GAMMs) were then used to examine the non-linear relationship between CART-selected variables and whale foraging behavior using a binomial distribution to test for significant effects (Wood 2006) . The model included each tagged whale as a random term with each surfacing event nested within the individual whale. We also examined foraging dive depths with mean prey school depth to look for correlation in behavior.
RESULTS
We detected 2980 fish schools from the 120 kHz acoustic data. We present results for 120 kHz data only, because models with both frequencies found no significance from 38 kHz measures (density, patch size, and shape) when 120 kHz variables were included. Prey biomass was patchily distributed with the NASC varying 3 orders of magnitude from 2000 to 2 m 2 n mile -2 as small as 200 m apart (Fig. 1) . Measured schools spanned up to 4 km horizontally with vertical heights up to 30 m. Detected schools had an average density of -57.7 dB with a range from -72.9 to -33.1 dB. The mean school length was 139 m and the mean height was 7.9 m. While most of the survey effort was concentrated near the western edge of the bank due to the distribution of whales, prey density was greatest near high bathymetry gradients along the western bank edge (Fig. 1 ). DTags were deployed on 15 individual humpback whales, and we collected 95 h of data from tagged whales: 66 h during daytime and 29 h at night ( Fig. 2; see Friedlaender et al. 2009 for tag durations). Eleven of the 15 (73.3%) tagged whales were visually observed surface feeding for a total of 393 of the 892 surfacings (44.0%). Whale behavior was not visibly affected by the tagging event for any of the tagged whales. This is not surprising, as humpback whales showed no significant change in behavior (other than immediate startle responses) after biopsy sampling procedures in the great majority of cases (Weinrich & Kuhlberg 1991 , Weinrich et al. 1992b , Clapham et al. 1993 . Right whales also showed a return to normal behavior after 2 dive cycles following a tagging event (Nowacek et al. 2004 ). Our descriptive results focus on the behavior of an individual whale that showed multiple behavioral switches and was representative of the overall dataset.
Examining the longest tag deployment (Whale 196a, 21.5 h), surface foraging bouts occurred at 3 distinct ) was interpolated within 1 km of the ship track every 12 h. Red (blue) represents high (low) relative density times and locations (Fig. 3 ). The whale was surface feeding when the tag was attached at 08:51 h and stopped at 10:00 h. Surface feeding commenced again at 19:00 h and continued until 20:16 h. The final feeding bout began at 05:00 h the next morning and continued until the tag released at 06:30 h. During the tag deployment, 153 surfacings were recorded from visual observation, with 40 classified as surface-feeding events. For example, during the first feeding bout, Whale 196a was observed lobtailing followed by a feeding event in a bubble net in 66 m of water. This behavior is shown in the whale track (Fig. 4a) with a corresponding prey school. Large surface schools were visible in the acoustic data recorded simultaneously with the feeding events. On a broader scale, 2 out of 3 of the surface-feeding bouts overlapped with high prey density areas while the third was about 1 km from the nearest recorded high density patch. However, a regression of surface-feeding depth against mean prey school depth had a low R 2 value (0.11) with high variability in the non-significant relationship.
We found that all of our measured environmental variables had significant, non-linear effects on prey density (p < 0.05; Table 1 ). However, time, temperature, and bottom depth explained 82% of the variability in the model of prey density. Prey density in the water column was greatest from 03:30 to 05:30 h with a decline at 17:00 h and lowest after 20:00 h (Fig. 5) . We also observed a large amount of biomass on the shallow shelf with a peak in biomass at 20 m depth. There was a negative relationship between backscatter and depth from 20 to 35 m switching to a positive relationship between backscatter and depth from 35 to 100 m. We found a negative relationship between backscatter and relative fluorescence. There was a greater amount of fish biomass near areas of high bathymetric relief, such as the bank edge. Prey were found in greatest density over bottom types of sand and mud with lower density in the water column above gravel. There was a cyclical relationship with tidal height as well with a peak in prey density at ~2.4 m tidal height. At lower and higher tidal values, prey density showed a decline.
The CART analysis (Fig. 6 ) revealed a number of thresholds that were predictors of whale surface feeding. A pronounced diel component was identified, with surface feeding not detected after 20:29 h or before 04:40 h. In addition, an inverse relationship with fluorescence emerged. At low relative fluorescence levels (< 0.06 V), 163 out of 192 surfacings were feeding events. When tidal height was greater than 7.3 m or observations were close to the slope, whales were also more likely to be surface feeding. At higher fluorescence levels, high tide height (>1.91 m), shallow school height (<12 m), and high prey density (>-65.3 dB) were correlated with surface feeding events. GAMM output showed that temperature, bottom depth, and school depth were the only variables that did not have a significant effect on the likelihood of whale surface feeding for any given surfacing (Table 2) . Time, tidal height, relative fluorescence, and prey density explained the largest amount of deviance in the feeding model. Whale feeding showed a peak around 07:00 h and began to decline around 18:00 h, peaking 2 h after prey density was greatest (Fig. 7) . Whale feeding behavior increased in likelihood at high tidal heights (4 m) with a peak at 9 m. Surface feeding behavior was more likely to take place over mud and sand bottoms when compared to a gravel substrate, and there was a notable decline in feeding behavior as relative fluorescence increased. Surface feeding was observed more often over deeper water depths and close to the slope edge. For the prey school parameters, a large increase in surface-feeding likelihood occurred up to -63 dB with a less steep increase with higher backscatter values. There was a positive relationship between whale surface-feeding behavior and both prey school height and area. However, there was a negative relationship between whale surface feeding and mean prey school depth and length (e.g. horizontal size) in the water column. These results are useful in elucidating potential foraging thresholds as well as identifying environmental variables that could influence humpback whale foraging behavior.
DISCUSSION
While synoptic surveys of environmental variables, prey distribution, and predator behavior can be difficult to align across temporal and spatial scales, such approaches are required to understand the foraging ecology of marine predators. Recent technological advances in high-frequency prey detection capabilities have made such multidisciplinary studies more feasible, especially at fine scales. By using hydroacoustic measurements of prey, real-time sensors for oceanographic variables, and measurements of the fine-scale behavior of predators, we were able to examine factors that influence multiple humpback whale surface feeding at both seascape and fine scales. At basin-wide scales, recent work suggests that the highest densities of humpback whales in the Gulf of Maine occur primarily along a relatively narrow corridor following the 100 m isobath (Pittman et al. 2006) . Our results suggest that on a finer scale, a mixture of temporal effects, environmental effects, and dynamic prey distribution affects the whales' behavior and likely their distribution.
At the seascape scale, we found a high correlation between prey density and the measured environmental variables, while humpback whale surface-feeding events on a fine scale were best correlated with prey school . Classification and regression tree (CART) for behavioral state of tagged humpback whales: surface feeding ('surf') or not surface feeding ('nons'). Breaks were chosen based on deviance explained with values shown on each branch of the tree. Numbers below each terminal node represent the number of misclassified observations out of the total number of observations. Time of day was the most definitive split for surface foraging and non-surface foraging behaviors. See Fig. 5 for abbreviations and measurements shape and density, as well as the above-mentioned environmental variables. Although split-beam acoustics only measures an instantaneous vertical profile in the water column, we were able to use continuous recording to describe the along-transect 2-dimensional patch shape and density of sand lance schools on Stellwagen Bank relative to foraging whales. Prey distribution was best predicted by time of day, corroborating previous studies of sand lance behavior. Adult sand lance are thought to be pre- (density, area, height, depth, and length) . For each predictor variable, the effect on whale surface feeding likelihood is shown on the y-axis and is represented as a spline (s) of the predictor variable. Time of day and tidal height explained most of the variability in foraging, while school density and area were important as well sent in the water column during daytime feeding on small zooplankton, while they bury in sandy substrate at night and when they are at low densities, primarily for predator avoidance (Winslade 1974 , Meyer et al. 1979 , Hobson 1986 ). In our study, however, sand lance density peaked between 03:00 and 04:00 h (mean sunrise at 05:30 h), but the maximum likelihood of whale surface feeding did not peak until 06:00 h. This suggests that whale foraging did not peak until well after densities of sand lance were substantial enough to be energetically valuable, that the average search time before whales were able to find prey patches was approximately 2 h, or that the whales required sufficient light to be able to use a visually oriented predation strategy (Friedlaender et al. 2009 ). Further research is necessary during the period from night to dawn in order to understand the mechanisms that trigger behavioral switching in foraging whales. Acoustic biomass of sand lance was greatest above sandy and mud substrates. While sand lance use the sandy shelf for refuge, mud habitats are most common immediately off the western slope of the bank in deeper waters. In addition, dynamic bathymetry at the slope edge of Stellwagen Bank offers the potential for upwelled productivity with tidal currents (Haury et al. 1979 ). Tagged whales exhibited surface feeding more often above mud habitats than above sand habitats, but both of these habitats had a higher likelihood of surface feeding than above a gravel bottom. As mud substrate was often found in deeper environments where whales were foraging, it is difficult to tease apart the effect of each of these variables independently.
Although the relationship between sand lance prey density and temperature was significant, the relationship was complex. A general decline in density occurs at the lowest and highest temperatures, although the standard error is particularly high. Low temperatures correspond to nights when sand lance presumably are buried in the substrate, while high temperatures correspond to closer to mid-day when they are dispersed throughout the water column (Meyer et al. 1979 ). There was a dip in biomass at a surface temperature of 17.5°C, but the reason for this association is not obvious (Fig. 5) . However, despite these relationships, whale surface feeding was not significantly correlated with sea surface temperature (Table 2, Fig. 7) .
Both whale surface feeding and prey density showed a negative correlation with surface fluorescence, which is surprising given the proposed bottom-up food web (Meyer et al. 1979) . Cascading trophic interactions offer an explanation for this relationship, but tidal aggregation is a more plausible mechanism. Trophic cascades are defined as reciprocal predator-prey effects that alter the abundance, biomass, or productivity of a population community or trophic level across more than one link in a food web (Pace et al. 1999) . In this scenario, a high concentration of phytoplankton could result in increased density of small zooplankton that over time would graze down phytoplankton levels. Consequently, increased zooplankton density would attract high densities of sand lance, eventually resulting in increased surface feeding for humpback whales. However, it can take 3 to 4 mo for nutrient upwelling to lead to increased zooplankton densities required by foraging whales (Croll et al. 2005) . Cotté & Simard (2005) focused on a spatio-temporally compact food web in the Laurentian Channel, Canada. Euphausiids (Thysanoessa raschi and Meganyctiphanes norvegica) were aggregated by tidal flow at the edge of the Ile Rouge bank, creating short-lived, high-density prey patches and food webs that build and dissipate up to twice a day. The strong influence of tidal state on Stellwagen Bank suggests that a similar physical aggregation of zooplankton is responsible for increased densities of sand lance and humpback surface feeding.
We used tidal height in our analyses as a proxy for internal wave formation and upwelling. Internal wave packets are generated during ebb tide as a lee wave over the western edge of Stellwagen Bank (Haury et al. 1979) . As the tide turns, the waves begin propagating towards shore, and undulations develop as the waves stack up, redistributing chlorophyll and zooplankton (Haury et al. 1979 , Stevick et al. 2008 . Nonetheless, the high correlation between tidal state and both prey and predator was surprising. Acoustically measured prey were most dense at a tidal height of 2.4 m, while whale surface feeding peaked at a height of ~3 m at maximum high tide. This lag suggests that prey are aggregating after the formation of internal waves on the west edge of the bank with a further delay before whales begin surface feeding. The increase in prey distribution and increased observations of whale surface feeding behavior near the slope edge also supports this possibility. Concurrent measurements of internal wave production, propagation, and nutrient upwelling would aid in understanding the influence of such waves on the oceanographic and biological processes of Stellwagen Bank.
Whale surface feeding likelihood was significantly affected by prey school shape. Surface feeding occurred more often around larger schools with a distribution that emphasized the vertical rather than the horizontal. Because humpback whale bubble feeding involves a 'corral' of air bubbles that aggregate prey followed by a feeding lunge through the surface (Jurasz & Jurasz 1979 , Hain et al. 1982 , vertically oriented schools could be more easily manipulated by bubbles rising through the water column. Longer (i.e. horizontally oriented) schools were often associated with a thin layer (< 2.5 m tall) in the water column, potentially more difficult or less energetically effective to consume. Although the lack of a clear relationship between dive depth prior to surface feeding and mean school depth defined by the center of the school is surprising, this could be a function of the whale feeding only on a portion of the school, or corralling of deeper schools toward the surface. A more detailed analysis of surface feeding depth relative to both pycnocline depth and mean school height is necessary. Throughout, however, it should be noted that the vessel recording the prey schools was typically at least 200 m from the tagged whale, suggesting that small-scale variability in prey schools may affect the relationships between whale surface feeding events and the characteristics of the sand lance schools being measured. In addition, because bubble feeding is at times cooperative (e.g. Hain et al. 1982 , Baker & Herman 1984 , Weinrich et al. 1991 , the tagged whale may not be producing the bubbles, but could be either aiding in corralling behavior or simply taking advantage of another whale's bubble-net. More samples with multiple tags on cooperating foragers will be necessary to better elucidate this relationship.
Predator aggregation most often occurs as a nonlinear function of increasing prey density (Holling 1965 , Murdoch & Oaten 1975 , leading to a threshold foraging behavior typical of higher vertebrates (Piatt & Methven 1992) . For balaenopterids, the lower limit is likely set by their metabolic demands combined with their unusual foraging style of engulfing prey (Nagy et al. 1984 , Goldbogen et al. 2006 . Piatt & Methven (1992) suggested that because humpback whales have wider jaws and a greater filtering volume for their size than fin or minke whales, they may be able to subsist on lower-density prey aggregations. One of our goals was to measure this threshold for surface-feeding humpback whales. Using GAMM and CART models, we observed that surface feeding was more likely above acoustically detected prey densities of -65 dB, rejecting our fourth null hypothesis that there were no thresholds in surface-feeding behavior. However, we did not observe a foraging threshold (> -75 dB) below which whales stopped surface feeding. One potential explanation for this difference is that it was difficult to match the distance between the vessel and the exact spatial and temporal location of the feeding whale. Even if exact overlap were possible, bubbles from surface-feeding events would confound the acoustic data, and the research vessel could modify the whale's behavior. Furthermore, these thresholds may vary based on the number of prey patches in an area. More concurrent samples would be necessary to differentiate whether whales preferentially feed on many smaller prey patches or on individual large but spatially distinct patches.
Our ability to understand the decision-making process of a foraging or feeding whale is hampered by a general lack of knowledge of the sensory capabilities of the whales themselves. Humpback whales negotiate their surroundings over spatial scales ranging from 1000s of km (migration routes) to 10s of m (micro-scale feeding on prey patches). Kenney et al. (2001) suggested that while in seasonal foraging areas, North Atlantic right whales sample prey using varied sensory modalities depending upon the distance from the prey. Humpback whales have been observed approaching large-scale prey patches from 10s of km (M. Weinrich unpubl. obs.), suggesting that they too use a variety of senses to make decisions on varying ecological scales. Including net tows in future studies would provide additional validation of prey species and would allow us to include the effect of prey length on feeding thresholds.
Our research provides a finer-scale analysis of baleen whale predatory behavior relative to their prey and a suite of environmental variables, and has allowed us to discover possible cues that the whales themselves may use for foraging. In addition, we were able to identify an upper threshold of relative prey density above which surface-feeding likelihood only minimally increased. Daylight hours, high tidal heights, and prey distribution were good predictors of whale surface feeding. This understanding of whale foraging behavior at the scale of an individual whale is an important addition to our ecological understanding of baleen whales and their relationship to marine ecosystems. 
